FUNCTIONALLY and temporally disordered wall motion has been shown to be a characteristic feature of left ventricular contraction in response to myocardial ischemia or infarction. [1] [2] [3] Experimental studies to further categorize the mechanisms of left ventricular dyssynergy have demonstrated that functional interactions of adjacent myocardial segments modulate the time course of contraction leading to an asynchronous polyphasic motion pattern during regional ischemia.47 Two-dimensional echocardiography is especially useful for noninvasively visualizing cardiac wall dynamics in real time. A number of studies have attempted to quantitate regional wall motion abnormalities by comparing the changes in endocardial excursion from end-diastole to end-systole.8 l' However, since myocardial function manifests itself in the amplitude and timing of wall excursion, due to the sensitivity of any two-phase (end-diastole and endsystole) analysis to the timing of abnormal wall motion important abnormalities may be missed when only end-diastolic and end-systolic left ventricular outlines are compared. Of more importance, because the functional interactions of adjacent myocardial segments will change during infarct maturation, we hypothesized that the traditional two-phase methods would demonstrate a different performance for detecting and quantitating regional abnormal left ventricular function associated with chronic myocardial infarction as compared with that associated with impending infarction or transient myocardial ischemia.
Thus, the present study was designed to test the hypothesis that a quantitative analysis that considers wall excursion throughout the entire contraction sequence provides important information not available by two-phase analysis in patients with different subsets of ischemia-induced wall motion disorders.
To quantitate regional left ventricular wall motion on a frame-by-frame basis, an automatic endocardial contour detection system was used to exclude observer bias and inconsistency in digitizing the endocardial borders.
Methods
Classification of patients. Individual patient characteristics and angiographic findings are summarized in table 1.
Group A: chronic myocardial infarction. Twenty patients with a well-documented history of previous myocardial infarction and pathologic Q waves were studied during the chronic period of infarction at least 2 weeks after the acute event. None of these patients had unstable angina. Left heart catheterization and coronary angiography were performed in 16 of these patients within 24 hr of the echocardiographic examination. Four patients had both an anterior and inferior previous myocardial infarction.
Group B: impending myocardial infarction. Thirteen patients were studied within 2 hr after the onset of their first symptoms of an acute myocardial infarction with electrocardiographic evidence of transmural injury (ST elevation greater than 2 mm at 80 msec after the J point or new pathologic Q waves in two or more involved electrocardiographic leads, or both). All patients developed infarct-specific electrocardiographic changes and Plus minus values are the mean + SD. MI = myocardial infarction.
AFour patients had both an anterior and inferior infarction.
enzyme release (creatine kinase-MB fraction) during follow-up. The infarct-related vessel was assessed by coronary angiography in all patients within 1 hr of the echocardiographic study. Group C: unstable angina. Nine patients with angiographically documented coronary artery disease and unstable angina were studied during a spontaneous attack of angina at rest. Six of these patients had a previous myocardial infarction at least 2 months before this study. In none of these patients did persistent changes on the electrocardiogram or increases in creatine kinase (MB fraction) occur during follow-up, indicating a lack of ischemic necrosi's.
Selection of patients for the study was based exclusively on the presence of high-quality echocardiograms suitable for automatic endocardial contour detection.
Patients with intraventricular conduction abnormalities were exluded from the study.
Echocardiography. The for translation during contraction. Realignment of the apical four-chamber views was performed by superimposing the images by use of the tensor of inertia of the computer-identified left ventricular long axis. The mitral valve area was excluded from analysis.
Conventional two-frame analysis was performed by calculating the relative segmental area change from end-diastole to end-systole: (end-diastolic area -end-systolic area) x 100/end-diastolic area. The derived variables for each individual segment were plotted against segment location progressing sequentially around the left ventricular circumference ( figure 3 ). The circumferential extent of abnormal wall motion was defined as the span of segments outside the normal range (derived from a normal population as mean + 2 SDs'9) for both the integrative and the two-phase analysis. The absolute degree of abnormal wall motion was quantitated by integrating the area under the curve outside the normal range from the correlation plots ( figure 3) . The values of each echographic view obtained were summated and divided by the total number of echographic views for an individual patient.
Assessment of the timing of abnormal wall excursion. As previously reported,20' 21 relative outward motion never occurred in normal subjects during two consecutive echocardiographic frames (-80 msec) during systole except for the last two frames before end-systole. Therefore, abnormal synergy in systolic wall excursion was defined as relative outward motion during at least two consecutive echographic frames during the contraction period, excluding the last two frames prior to minimum total cavity area. Exclusion of the last 80 msec of systole also eliminates the false evaluation of any phases of the isovolumetric relaxation period.
Each segment was individually evaluated for the presence and timing of abnormal synergy during the contraction sequence (figure 2). After normalizing for heart rate, a histogram was generated displaying the relative frequency distribution of the timing of abnormal synergy during systole for each group of patients. To quantitate the timing of abnormal regional contractile events for each patient and to allow for comparison between individual patients, an asynergy ratio was calculated. For this purpose, the number of segments demonstrating abnormal synergy during the second half of the contraction sequence was summated and expressed as a fraction of the sum of segments demonstrating abnormal synergy during the first half of systole. Thus, an asynergy ratio less than 1 indicated predominantly early-to-mid systolic abnormal synergy, whereas a ratio greater than 1 represented abnormal synergy occurring predominantly during mid-to-late systole.
Statistical analysis. The statistical computations were run on a DEC minicomputer with the use of the RS/1 software package (Bolt, Beranek and Newman Inc., 1983). The least squares linear regression technique was used to compare the circumferential extent of abnormal wall motion as assessed by the integrative analysis and the circumferential extent as assessed by the two-frame method for each group of patients as well as to correlate the circumferential extent with the absolute degree in the chronic and impending infarction groups. Group differences were evaluated by the Bonferroni modified t test after analysis of variance.
Results
Analyses of patient characteristics and coronary angiographic findings (table 1) did not demonstrate significant differences between the three groups of patients. figure 4, B) . A similar weak relationship was found during transient myocardial ischemia (figure 4, C). Of more importance, however, the two-phase analysis considerably underestimated the circumferential extent of transient ischemia-induced abnormal systolic function during unstable angina in addition to the failure to detect wall motion abnormalities at all in more than one-third of these patients. The assessment of the timing of abnormal synergy in systolic wall excursion demonstrated characteristic differences between the three groups of patients. In the chronic infarct period, the relative frequency in the timing of abnormal synergy was highest during earlyto-mid systole ( figure 5, A) . In contrast, during spontaneous attacks of unstable angina the maximum extent of abnormal synergy was found during mid-to-late systole ( figure 5, C) . In the patients studied during impending myocardial infarction, abnormal synergy occurred during early as well as during meso-to-late systole ( figure 5, B Figure 6 illustrates the asynergy ratios for each individual patient within the three groups. Two patients in the chronic infarction group did not demonstrate relative outward motion on two consecutive echographic frames during the contraction sequence and therefore no asynergy ratio could be calculated. Abnormal synergy occurred predominantly during mid-to-late systole in all patients experiencing transient myocardial ischemia. The asynergy ratio differentiated the abnormal wall motion patterns of all patients with unstable angina from those of patients in the chronic infarct period, which was characterized by predominantly early-tomid systolic abnormal synergy. In addition, the patients Comparison of the circumferential extent of wall motion abnormality with the absolute degree in patients with a first myocardial infarction in the chronic infarction group (n = 16) and in the impending infarction group (n -11) revealed a linear relationship with r values of .85 and .87, respectively. However, the slope of the regression equation was significantly lower (p<.05), with y -0.16x -0.24 for the chronic infarction group as compared with y = 0.50x -4.2 for the impending infarction group, indicating a larger degree of functional abnormality associated with impending infarction than during chronic myocardial infarction.
Discussion
In the experimental setting, Weyman et al.21 demonstrated the importance of accounting for temporal heterogeneity in assessing the contraction abnormalities associated with acute myocardial ischemia. The correlation method, which integrates endocardial motion throughout the entire systolic contraction Our study is the first to use an integrative wall motion analysis of two-dimensional echocardiograms by an objective means of automatic contour detection in man. The results demonstrated that regional wall mo- 25 In an isolated muscle preparation of normal and hypoxic muscles arranged in series it was demonstrated that the nonhypoxic muscle contracted earlier against the weaker hypoxic muscle. 4 Wiegner et al.5 have shown, in a similar papillary muscle preparation attached to a computer-controlled tension mechanism, that the pattern of shortening during hypoxia became polyphasic secondary to differences in effective tension development. This pattern consisted of reduced early-to-mid systolic shortening and mid-tolate systolic lengthening followed by an additional late 774 systolic shortening period. Muscle lengths remained constant in late systole only when contractile force and the imposed force were declining at identical rates. In the hypoxic muscle with continued ability to develop tension, the imposed force decreased less rapidly relative to that of the oxygenated myocardium, resulting in persistent shortening in late systole. 26 Acute coronary occlusion in experimental animals results in progressive changes in regional wall motion, with hypokinesia during the ejection period, mid-tolate systolic outward motion, and late systolic postejection shortening, corresponding to a polyphasic wall excursion pattern relatively early during the development of full ischemia. More severe ischemia, however, is characterized by outward motion during the early ejection period, followed by continous inward motion during mid-to-late systole that corresponds to a monophasic wall excursion pattern.27 28 Sasayama et al.29 constructed regional pressurelength loops by relating segmental shortening quantified by a radial coordinate system to the corresponding left ventricular pressure simultaneously recorded during angiography. They demonstrated that the systolic shortening of the potentially ischemic segment was followed by an exaggerated late additional shortening period during the decline of the ventricular pressure. Thus, wall motion in the hypoxic, but not completely ischemic, left ventricular segment is characterized by a temporal asynchronous polyphasic wall excursion pattern.
Our results have shown that in patients with chronic myocardial infarction the maximum extent of abnormal wall motion occurs during early systole, corresponding to a completely passive outward motion of the scar region, which is unable to support stress. The wall motion pattern is therefore determined for the most part by regional tension30' 31 and wall excursion is similar to a monophasic tension-length curve, which would be expected of an elastic material without any additional intrinsic contractile activities. Therefore, the extent of wall motion abnormality as quantitated by the integrative analysis correlated fairly with the extent as quantitated by the two-phase method.
In contrast, in patients with transient myocardial ischemia during spontaneous attacks ofunstable angina the evaluation of overall regional systolic function by the comparison of end-diastolic and end-systolic function considerably underestimated the extent of left ventricular dysfunction and failed to detect abnormal wall motion at all in four of nine patients. In all of these patients the maximum extent of dyssynergy was found during mid-to-late systole. Thus, systolic dysfunction
during unstable angina was characterized by a polyphasic wall excursion pattern with mesosystolic lengthening followed by additional shortening during late systole. This contraction pattern is incompatible with a purely passive behavior oftransient hypoxic segments and suggests the presence of continued ability to develop tension.5' 27 In addition, since overall wall excursion is conventionally measured at minimum ventricular volume or cross-sectional area (especially by applying noninvasive techniques in the clinical setting), postejection shortening is also very likely to be included in an analysis of maximum regional wall motion, resulting in a finding of normal extent of regional systolic function, even though distinct abnormalities of regional contractile events are present. The patients studied during impending myocardial infarction demonstrated a temporal pattern of wall motion abnormalities intermediate between that demonstrated by patients with chronic infarction and transient ischemia. These results strongly suggest a hierarchy of levels of ischemia-induced impairment in regional left ventricular systolic function that is reflected in regional wall excursion and is noninvasively detectable by a quantitative frame-by-frame analysis of two-dimensional echocardiograms. Ischemic injury in man first manifests itself as asynchronous wall motion rather than a change in overall amplitude of wall excursion.
Because experimental studies have characterized early ischemic damage as a time-dependent wavefront phenomenon,32' 33 the noninvasive detection of asynchronous polyphasic wall excursion as a marker of early ischemic injury may have important clinical implications for identifying ischemic areas that have maintained the ability to develop tension, indicating potentially viable myocardium, during the early course of impending infarction in man. 34 Nevertheless, a method used for quantitative assessment of changes during the course of acute myocardial ischemia or infarction must be capable of detecting the maximal functional abnormality associated with ischemia-induced wall motion disturbances. Our results have demonstrated that variables of regional left ventricular function that rely primarily on the determination of the amplitude of changes in endocardial excursion between two frames arbitrarily selected as end-diastole and end-systole are very likely to be misleading. Due to the potential of additional exaggerated late systolic shortening of hypoxic segments, the quantitation of wall motion in terms of hypokinesis or akinesis based on an end-diastolic-end-systolic comparison will miss the maximal functional abnormality associated with acute myocardial ischemia in man.
These findings might also partially explain the inconsistent results of various controlled randomized trials in which the effects of thrombolysis on left ventricular function were examined by comparing regional wall motion disturbances assessed by a two-phase analysis early in the progress of acute myocardial infarction and during the chronic infarct period. 28 3 Outward movement during the early phases of systole and exaggerated shortening during late systole in the ischemic segment have been qualitatively described previously. 3 analysis for the first time allows quantitative assessment of regional left ventricular asynchrony and thus might provide the necessary standard for evaluation of the effects of interventions on regional performance of isChemic myocardium in man.
